Pre-analytical factors, such as fixation time, influence morphology of diagnostic and predictive immunohistochemical staining, which are increasingly used in the evaluation of lung cancer. Our aim was to investigate if variations in fixation time influence the outcome of immunohistochemical staining in lung cancer. From lung resections, specimen with tumor size bigger than 4 cm, 10 samples were obtained: 2 were put through the standard fixation protocol, 5 through the delayed, and 3 through the prolonged fixation protocol. After paraffin embedding, tissue microarrays (TMAs) were made. They were stained with 20 antibodies and scored for quality and intensity of staining. Samples with delay in fixation showed loss of TMA cores on glass slides and deterioration of tissue quality leading to reduction in the expression of CK 7, Keratin MNF116, CAM 5.2, CK 5/6, TTF-1, C-MET, Napsin A, D2-40, and PD-L1. Prolonged fixation had no influence on the performance of immunohistochemical stains. Delay of fixation negatively affects the expression of different immunohistochemical markers, influencing diagnostic (cytokeratins) and predictive (PD-L1) testing. These results emphasize the need for adequate fixation of resection specimen.
Introduction
Tissue samples are used for diagnostic and predictive analysis. Fixation process, preventing degradation, is essential in preserving the tissue. Commonly used fixative is neutral buffered formalin. However, there is a long list of variables in tissue handling, highly varying around the world [1] , from the moment tissue is removed from a patient to formalin fixation and from formalin fixation to paraffin embedded (FFPE) tissue [2] , influencing tissue quality. If the time between collection of tissue and actual formalin fixation is too long, tissue will degrade, morphology will deteriorate, and morphologic evaluation by pathologists will be hampered.
In the last 3-4 decades, immunohistochemistry (IHC) has become an essential procedure in pathology diagnostics [3] [4] [5] . It is important for tumor classification and characterization of underlying agents in many infectious diseases [6] and, in addition, is also increasingly used in predictive testing [4] . IHC involves the process of antibody binding to an epitope, i.e., part of a protein. For this binding proper, three-dimensional structure of the epitope is crucial. "Time before fixation," as a very important pre-analytical factor, influences degradation of proteins and therefore may cause reduced binding of the primary antibody. It has already been shown in breast cancer that delay in fixation influences the outcome of immunohistochemical staining [7, 8] .
For reproducible immunohistochemical staining evaluation in lung cancer, it is important to know if, and how, preanalytical factors influence the expression of different diagnostic antibodies in a daily diagnostic setting. In biopsies, the samples are usually immediately placed in fixative, while for resection specimen, there is usually a delay.
The aim of this study was to investigate the influence of delayed and prolonged fixation on immunohistochemical evaluation in resection specimen of non-small cell lung carcinoma (NSCLC).
Material and methods

Tissue selection
In lung resection specimens with NSCLC bigger than > 4 cm, tumor tissue was collected at pathology departments in four institutes (Medical University of Graz, Austria; Vall d' Hebron University Hospital Barcelona, Barcelona, Valencia Hospital General Universitario, Valencia, Spain; National Institute of Pulmonary Medicine Budapest, Hungary). Besides tissue collection for routine diagnostic procedures, ten additional tumor samples of approximately equal size (0.5 × 0.5 × 0.3 cm) were taken and put through different fixation protocols (as shown in Table 1 ), always on room temperature. Ten blocks per case and two cores per block were collected in total. Ischemia time, and the transport time of the unfixed samples to the pathology department, was recorded. Fixation was carried out in 10% neutral buffered formalin with PBS (approximately 4% formaldehyde w/v).
Tissue microarray
For the construction of tissue microarrays (TMAs), two 1-mm cores were taken from each of the collected samples and embedded in paraffin blocks. A separate TMA block was constructed for prolonged fixation and for delay in fixation, each included samples with standard fixation (sample 1 or 2). Histologic sections (3-μm thick) of the TMA blocks were cut for further IHC.
Immunohistochemical markers
The following immunohistochemical markers were evaluated: cytokeratins (CK) AE1/AE3, CK 7 (Monosan and Dako), CAM 5.2, KER MNF-116, CK 5/6, p40, p80, p63, thyroid transcription factor (TTF)-1 (Ventana and Dako), BRAFV600E, C-MET, ROS1, ALK (D5F3), EGFR (Dako), Napsin A, D2-40, programmed cell death protein 1 (PD-L1) (22c3 and E1L3N (XP)), synaptophysin, chromogranin A, and CD 56. Details about the antibodies and procedure including retrieval methods for each are shown in supplementary Table 1 .
Five pathologists scored independently the intensity of staining of both tumor and normal tissue (if present) in the laboratory where IHC was performed. Negative staining (< 1% of the cells stained) was scored as 1. Positive staining was graded by intensity of staining independent of the number of cells which were stained (except for PD-L1, see below) and scored as 2-4: 2-weak, defined as visible staining at microscope objective × 40 magnification; 4-strong, defined as visible staining at microscope objective × 2.5-4; and 3-moderate, for objectives within between magnification ( Table 2 ). If individual cells were difficult to distinguish, or if the difference between normal cells and tumor cells was difficult to distinguish (often resulting in stromal staining and corresponding with non-interpretable slides), it was regarded as poor tissue quality and scored as 5. In the event that there was no core, no normal, or no tumor tissue present, scores of 0, 6, and 7 were assigned, respectively ( Table 2 ). For PD-L1, the cell membrane staining was evaluated and expressed as a percentage of positive tumor cells in 5 categories (< 1%, 1-5, 5-10, 10-25, 25-50, and > 50%). 
Data analysis
IHC was scored in tumor and normal epithelium, if present. Separate comparisons were performed for standard fixation versus delayed/prolonged fixation distributed over normal and tumor tissue for each IHC marker with respect to (i) loss of TMA cores (dichotomized as score 0 vs score 1-5), (ii) within the available cores distinction of poor quality TMA cores versus cores with sufficient IHC quality for scoring intensity of staining (dichotomized as score 1-4 vs score 5), and (iii) within the cores with sufficient quality the intensity of IHC staining was scored. "Availability of a core" was defined as a core present on the glass slide. If a core was present in the paraffin block, but not in the corresponding histologic section, the core was not available (i.e., score 0). For (ii), also the score for all IHC combined was calculated. For the analysis per tissue block, the best score of the two duplicate cores was used.
McNemar and Wilcoxon signed rank test were used to compare the scores between the different samples of the diverse prolonged and delayed fixation times. Statistical analyses were performed with SPSS version 22 (IBM Corp., Armonk, NY, USA). Significance level was set at 0.05; pvalues < 0.1 were considered to indicate a statistical trend.
Results
Number of TMA cores
In total, 20 NSCLC tumor samples were used for this study. From the total number of 400 cores (10 blocks/case and 2 cores/block), 84% contained tumor tissue, and in 67% of the cores, also normal bronchial epithelial tissue was present.
From the expected 400 cores per IHC stain, 27% and 35% of the cores did not stick on the glass slide for prolonged and delayed fixation respectively. This resulted in 73% and 65% available cores to examine for IHC. The number of cores in prolonged/delayed fixation compared with the number in standard fixation is shown in Table 3 . For example, CK 7 (Monosan) in delayed fixation showed loss of tissue cores (p < 0.01) compared to the standard fixation in normal tissue. Also, CK 7 (Dako), CAM 5.2, TTF-1 (2×), p40, p63, chromogranin A, CD 56, BRAFV600E, EGFR, ROS1, C-MET, p80, and PD-L1 were less cores present on the IHC slides than in the standard fixation group compared to 24 h (or more) delay in fixation (see Table 3 , and for more detailed information, see supplementary Table 2 ). The prolonged fixation did not show loss of cores on slides in comparison with standard fixation.
Tissue morphological quality of TMA cores
For the available cores on the slide, we estimated the quality of the cores for standard, delayed, and prolonged fixation for each antibody. The samples with an available IHC score for intensity (score 1-4) were compared to the alternative: poor quality (score 5) corresponding to non-interpretable staining. Figure 1 shows an example of a TMA scored as poor quality. As shown in Table 3 , immunohistochemical stains keratin MNF116, AE1/AE3, synaptophysin, chromogranin A, and CD 56 demonstrated statistically significant reduction in quality in delayed fixation samples compared to standard fixation.
In standardly fixed samples, a score 5 (poor quality) was almost never assigned, in contrast to samples in delayed and prolonged fixation groups (for more in detailed information, see supplementary Table 3 ). For all antibodies combined, a significant decrease in quality is shown for 1, 24, 48, and 96 h of delay, compared to standard fixation ( Table 4 ). The prolonged fixation group did not demonstrate major differences in tissue quality compared to the standard fixation group (supplementary Table 3 ).
IHC staining intensity
For the cores with a staining intensity score (negative, positive +, ++, +++, scores 1-4 respectively), we compared the staining intensity (independent of the number of stained cells) of delayed and prolonged fixation to standard fixation. The following antibodies: CK 7 (Dako), CK 7 (Monosan), Ker MNF116, CAM 5.2, CK 5/6, TTF-1, C-MET, Napsin A, D2-40, TTF-1 (Ventana), and PD-L1 (22C3 and E1L3N (XP)) showed a significant decrease in intensity of staining ( Table 3 ). Intensity of IHC staining decreases from 24 h of delay onwards (supplementary Table 4 ).
PD-L1 staining
The cores of the delayed fixation group showed a reduction in percentage of tumor cells with positive membrane staining compared to standard fixation (Fig. 2 ). This effect is already shown after one hour in delay and is more pronounced with increasing time of delay in fixation (see Fig. 3 for an example). The samples with extended fixation do not show a change in PD-L1 staining (Table 3; supplementary Table 5 ).
Discussion
From the pre-analytical variables studied on lung cancer tissue, delay in fixation has a detrimental effect on the number of available cores present on the slides, morphological quality, and IHC staining intensity. This effect was shown for both diagnostic (intensity of staining) and predictive (intensity and percentage of stained cells) markers. In contrast, prolonged fixation time has minor effect on the core number, tissue quality, and the evaluation of IHC staining.
The remarkable reduction of availability of expected cores on the slide denotes a relevant effect of tissue preservation during cutting of the paraffin section and sticking of the cores to the glass slide. This is in line with a recent study of Lundström and colleagues, who found on average a loss of 14% [9] . Furthermore, they observed that loss of cores was influenced by characteristics of tissue and pre-treatments [9] .
Effect of pre-analytical variables on IHC has been described in the past decade , [1, 10, 11] . The effect of delay in fixation is dependent on protein half-life. For example, phosphoproteins are quite labile and epitope degradation can happen within 30 min of cold ischemia time [12] . Although information on protein half-life is limited, indirect information is obtained in studies performed with immunohistochemical markers for breast cancer, i.e., estrogen receptor (ER), Table 3 Data of standard fixation was compared to delayed and prolonged fixation for "Number of cores," "quality of available cores," and "IHC staining intensity in good quality cores" in the different stains.
A downward arrow for number of cores denotes loss in the slide compared to the paraffin block ↓or↑-If any of the comparisons showed a downward or upward trend (p < 0.10), an arrow was assigned respectively N normal respiratory epithelium, T tumor, = no effect, NoS no staining: tumor or normal respiratory epithelium is negative for this antibody in standard fixation *p < 0.05; **p < 0.01
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progesterone receptor (PR), and human epidermal growth factor 2 (HER2). Khoury et al. had not found significant differences in the extent or intensity of immunostaining with a fixation delay of less than 8 h [13] . We have observed deterioration in intensity of IHC staining from 24 h of delay (supplementary Table 5 ), except for PDL-1 marker, where we have already shown a deteriorating effect after one hour of delay in fixation. Practically, as also shown by our results, fixation should be started as soon as possible after removing the tissue from a patient, because a delay affects the whole downstream process of tissue handling. Table 5 shows an overview of preanalytical factors that could influence immunohistochemical staining, including some factors that could cause delay in fixation. Penetration rate, size of the specimen, and tissuefixative ratio could cause incomplete fixation causing crosslinking only at the periphery of the tissue block. The center remains raw (or coagulatively fixed by alcohol during the Fig. 2 The distribution of PD-L1 (E1L3N (XP)) staining divided in 4 categories is shown for samples with delay in fixation. Of note, the number of cases with positive PD-L1 staining (1-49% and ≥ 50%) is lower after delay in fixation dehydration step later in the tissue-handling process) and not properly fixed, resulting in more intense staining of the center or just opposite in the periphery, depending on the antibody that was used [6] . Generally assumed is a penetration rate of formalin of 1 mm/h [15] . However, this may be lower as shown in an example in supplementary Figure 1 . Here, the time between registration and cutting after fixation was more than 40 h for fixation of 8 mm tissue, yielding a diffusion rate of about 0.2 mm/h. The relevance of a proper fixation procedure on Ki-67 was shown in breast cancer, where specimens that had been cut before fixation had a higher labeling than specimens that had not been cut [16] .
Prolonged fixation results in increasing cross-links [6] . However, it was shown that epitope retrieval methods could diminish or even abolish the cross-links and the negative effect on IHC [17] . The improved epitope retrieval methods likely explain why we did not show an effect of prolonged fixation on evaluation of IHC. This is in line with an animal model performed by Webster et al., in which they have shown no effect of prolonged fixation for example for chromogranin A and cytokeratin AE1/AE3. On the other hand, they have shown a decrease in immunoreactivity for CK 7 after 3 days of fixation, which is in contrast to our results [18] . In daily practice, more cross-links are generated during the weekends, when the laboratories are closed and tissue remains immersed in formalin fixative than during weekdays. According to our results for the tested antibodies, combined with the epitope retrieval methods, this prolonged fixation has no diagnostic implication.
Guidelines exist for analytic validation of immunohistochemical tests before their application to patient specimens [10] . Recently, information on clinical validation of PD-L1 was described [14] . However, these guidelines and cell block studies on PD-L1 [19, 20] do not contain specific information about pre-analytical factors, although these factors could have effects on the IHC test outcome. To our knowledge, this is the first study showing reduction of PD-L1 staining due to delay in fixation.
For breast cancer in the USA, the American Society of Clinical Oncologists (ASCO) and the College of American Pathologists (CAP) recommend limiting cold ischemic time to 60 min or less for ER testing [21] . Our results clearly demonstrate that it is important to standardize specimen handling and give recommendations to minimize the effect of preanalytical variables.
Our study has several limitations: (i) the representation of the cores, where the aim was collecting tumor samples, and some of the cores instead contained post-obstruction pneumonia, mimicking tumor at gross examination; (ii) as we primarily aimed for tumor sampling, not all cores also contained normal respiratory epithelium and some heterogeneity could have played a role in the differences of staining; (iii) the prospectively selected cases were not suitable for all applied antibodies, for example, none of the tumors were ALK or BRAF V600E positive; (iv) although samples were stained in different laboratories and evaluated by corresponding pathologist, and similar antibodies revealed similar data, the effect of some interlaboratory and interobserver variability cannot be excluded. Color standardization may reduce variability [22] ; (v) no minimum volume of formalin fixative was defined beforehand in the study protocol; (vi) as the antibody binding is epitope dependent, it is not excluded that diminishing of staining also holds for other epitopes of the same protein.
In conclusion, we showed that delay in fixation has influence on the amount of TMA cores on a glass slide and on the evaluation of immunohistochemical staining, reducing the staining intensity for some antibodies. The consequences of delay in fixation could diverge, leading from incorrect diagnosis to incorrect therapy indications. For that reason, resection specimens should be handled and fixed as soon as possible. Table 5 Pre-analytical variables from sample collection till start of fixation modified from Bass et al. 1 and Engel et al. 9 )
Pre-analytical variables (Biological) consequence References
Warm ischemia time As soon as the blood supply is cut off, hypoxia, ischemia, and metabolic stress may occur and lead to protein degradation.
Thompson et al. [14] Cold ischemia time Defined as time after removal from the body until fixation. Delay in fixation may induce various changes in protein levels.
Thompson et al. [14] Temperature Delay of fixation at room temperature has a more pronounced effect than storage at 4C. Thompson et al. [14] Specimen size and density A larger specimen requires more time for proper fixation.
Penetration rate Generally assumed is a penetration rate of formalin of 1 mm/h. ( Supplementary Figure 1 in this study 0.2 mm/h).
Howat et al. [12] Fixative preparation Formaldehyde is stable after 24 h. Polymerization slightly decreases the concentration during preparation. Tissue to fixative ratio Tissue to fixative ratio could influence the time of fixation Decalcification Variability in decalcification protocols and in preservation of antigen is reported. Fitzgibbons et al. [8] Phosphoproteins have short half-life. Most other unknown.
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